A multiresidue method for simultaneous determination of 10 dyes unauthorised for the use in laying hens was developed (Sudan I, Sudan II, Sudan III, Sudan IV, Sudan Red G, Sudan Orange G, Sudan Red 7B, Para-Red, Toluidine Red, Citrus Red). The dyes were extracted using liquid-liquid extraction with acetonitrile in the presence of anhydrous sodium sulphate, and cleaned using zirconium coated silica cartridges. After dilution with acetonitrile saturated with hexane:DMSO (8:2), samples were analysed using LC-MS/MS system with acetonitrile (A) and 0.1% formic acid (B) as a mobile phase in a gradient mode and C 18 analytical column. The method was validated according to the requirements described in the Commission Decision 2002/657/EC: linearity (r ≥ 0.998), precision: repeatability (1.94%-10.02%), and within-laboratory reproducibility (4.66%-8.89%), recovery (97%-105%), decision limit CCα (5.33-6.50 µg/kg), and detection capability CCβ (6.18-7.50 µg/kg) were calculated. The developed method fulfilled all performance criteria and can be used in the official survey of dyes residues in food of animal origin.
Introduction
Among consumers, eggs' nutrition values and freshness are highly linked with the egg yolk colour. Eggs with yellow-orange hue are the most required (7) thus the egg producers enhance the colour of their products by feeding the laying hens feed containing various dyes (natural or synthetic). There are eight dyes registered as feed additives for poultry (13) . Among them, only canthaxanthin was proved to have negative effect on human health (e.g. retinopathy) and due to that in 2007, the European Food Safety Authority established maximum residue limit as 30 mg/kg of egg yolks (8) . However, in commercial food production, there are numerous dyes approved for the use (5) but they are forbidden in eggs, and allowed only to decorate and stamping of egg-shells.
Unfortunately, there are also reports of food adulteration by using dyes unauthorised for food and feed, which are often very hazardous. The incidents of detection of Sudan dye residues in eggs for consumption are documented (20) . The amount of Sudan IV detected in the hens' and ducks' eggs in 2006 in China reached up to 300 µg/kg. Sudan dyes belong to the group of industrial dyes, stable under the conditions in which food is prepared, but in human body they may be enzymatically transferred into the carcinogenic aromatic amines (Sudan I and III -aniline, Sudan II -2,4 -dimethylaniline, Sudan IV -o-toluidine, Para-Red -p-nitroaniline) (22) . Sudan I is genotoxic but the data of toxic effects of other Sudan dyes is not fully recognised. Therefore, according to the International Agency for Research on Cancer (IARC), they are categorised as carcinogens of the third category (11) . For example, dyes such as: Sudan Red G, Sudan Red 7B, Sudan Red B, Sudan Orange G, Toluidine Red, Rhodamine B, Orange II, Para-Red, which are also considered to be carcinogenic for humans and are forbidden as feed additives, were also detected in food in the European Union. According to the data obtained from Rapid Alert System for Food and Feed (RASFF) in the European Union, prohibited dyes adulteration are relatively often detected in chilli, red pepper, curcuma, and curry products (17) .
Currently, in poultry feeding practice of enhancing the egg yolk colour with natural xanthophylls extracted from plants is becoming more and more popular, as the ecological awareness among the consumers is increasing. Since the paprika pepper has been relatively often adulterated with illegal dyes, there is a concern of unintentional contamination of eggs with unauthorised dyes.
Because of the incidents of the detection of illegal dyes in eggs, several methods for their determination were developed. The ELISA-based methods for the fast screen of their presence (1, 3, 14, 18) as well as innovatory method based on computer image analysis technique, which allow to distinguish naturally dyed eggs from eggs artificially dyed with Sudan dyes without any previous preparation for the analysis, were also developed (26) . However, the most common are liquid chromatography methods with different types of detectors, mainly diode-array (12, 21) or spectrophotometric detector (9, 16, 23) . Recently, tandem mass spectrometry seems to be the most suitable for multiresidue analysis because of its sensitivity and selectivity (4, 10, 15) . The methods published so far utilise HPLC C 18 columns (9, 12, 15) . The dyes are extracted using acetonitrile (16, 25) or acetone (9) and cleaned using different SPE columns (10, 21, 25) . This paper presents the development and validation of a method for the simultaneous determination of 10 illegal dyes in egg yolks using liquid chromatography -tandem mass spectrometry and clean-up with zirconium coated silica SPE cartridge and HPLC C 18 column.
Material and Methods
Chemicals and reagents. Acetonitrile (ACN), methanol (MeOH), acetone, formic acid (99.5%) (HPLC grade) were provided by J.T. Baker (USA). Anhydrous sodium sulphate and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (Germany). Water was purified through a Mili-Q plus system from Millipore (USA). The SPE cartridges Hybrid-SPE TM (30 mg/1 mL) and PVDF syringe filters (0.45 μm, 13 mm) were received from Restek (USA). Analytical standards of Sudan I, Sudan I-d 5 , Sudan II, Sudan III, Sudan IV, Sudan Red 7B, Sudan Red G, Sudan Orange G, Citrus Red, Toluidine Red, and Para-Red were purchased from Sigma-Aldrich (Germany).
Preparation of standard solutions. The stock standard solutions (1000 µg mL −1 ) of Citrus Red, Sudan I, Sudan I-d 5 , Sudan II, Sudan Orange G, and Sudan Red G were prepared by weighing appropriate amount of substances and dissolving in acetonitrile, and Sudan III, Sudan IV, Sudan Red 7B, Toluidine Red, and Para Red in acetone. All solutions in the concentrations of 1000 µg mL −1 were kept in the dark at the temperature below -18°C for six months.
Working standard solution of dyes at concentration of 1 µg/kg was prepared by dissolving an appropriate amount of stock standard solutions in acetonitrile. A solution of internal standard was prepared separately. Working standard solutions were kept in the dark at 2 to 8°C for three months.
The difference between the terms in which the standard solutions were kept resulted from the stability of the analytes.
Liquid chromatography-mass spectrometry. The LC-MS/MS system consisted of an Agilent 1200 series liquid chromatograph (Agilent Technologies, Germany) equipped with a binary pump, a degasser, an autosampler, a column heater, a switching valve (Valco Instruments Co., USA) and an triple quadrupole mass analyser QTRAP ® 5500 (AB Sciex, Canada). The experiments were conducted in the positive electrospray mode. The Analyst 1.5.2 software controlled the LC-MS/MS system and processed the data. The Turbo Ion Spray source was operated at 400°C with the capillary voltage set at 4500V. The chromatographic conditions were as follows: Luna C 18 analytical column (50 × 2.0 mm, 3 µm) (Phenomenex, USA) with a C 18 guard cartridge of the same material operated at 40°C. The mobile phase consisted of acetonitrile (A) and 0.1% formic acid (B). The gradient was: 10% A (0 to 1 min), 90% (1 to 3 min, held to 8 min), 70% A (8 to 9.5 min, held to 14 min), 10% A (14 to 14.01 min), 10% A (14.01 to 17 min). The flow rate was 400 µL min −1 and the injection volume was 25 µL.
Sample preparation equipment. A homogeniser Polytron PT-3100 (Kinematica, Switzerland) operating at 7000 rpm was used to homogenise the egg yolk. Samples were weighted in 50 mL Nunc™ conical sterile polypropylene centrifuge tubes (Thermo Fisher Scientific Inc., USA) and the Waters (Milford, USA) SPE chamber was used for sample clean up. An ultrasound Sonorex (Bandelin Electronic, Germany) operated at 30°C and rotator Stuart STR 4 (Bibby Scientific Limited, UK) was used to strengthen the extraction. A centrifuge set at 4500 rpm, 4°C MPW-6K15 (MPW Med. Instruments, Poland) was used to remove the precipitated proteins. A VLM Eva EC1/EC2L (VLM, Germany) nitrogen evaporator set at 45°C was used for sample evaporation.
Sample preparation. Homogenised egg yolk samples (2.0 g) were fortified by a mixed working standard solution containing all analytes at the levels of 1, 5, 10, 15, and 30 µg/kg for the matrix calibration curves and at 5, 10, and 15 µg/kg for analytical samples. The level of IS was 30 µg/kg. Further 8 mL of acetonitrile and 5 g of anhydrous Na 2 SO 4 were used to extract the analytes. Samples were vortexed, rotary shaken for 30 min and after that ultrasonicated for 15 min at 30°C. After the centrifugation (10 min, 4500 rpm, 4°C), the samples were passed through Hybrid SPE cartridge and collected. Additionally, 1 mL of 0.1% formic acid in acetonitrile was passed through the cartridge and collected for evaporation (nitrogen, 45°C). Afterwards, the samples were reconstituted with acetonitrile saturated with hexane: DMSO (80:20), vortexed, and filtered through 0.45 µm PVDF syringe filters. Further 25 µL of the samples were injected into LC-MS/MS system for analysis.
Method validation. The procedure was validated according to the Commission Decision 2002/657/EC (6) . The method precision, repeatability, and within laboratory reproducibility were evaluated by the repeated analysis of egg yolk samples (n = 6) fortified with analytes at concentrations of 5, 10, and 15 µg/kg during one day, and the evaluation was repeated on other two days. The recoveries and the CC α and CC β were evaluated in the same experiment as repeatability. The specificity was established by analysing 20 different blank egg samples to evaluate possible interferences in the method. The matrix effect was evaluated by comparison of blank and post spiked samples.
Results

Optimisation of LC-MS/MS conditions.
The mass spectrometer working parameters (ionisation mode, capillary voltage, source temperature, sheath gas flow, nebuliser pressure, fragmentary voltage, and collision energy) were optimised both with direct infusion of each standard solution (1 µg mL −1 ) from a syringe pump at the rate of 7 µL min −1 , and with a LC-injection. The fragmentation reactions (transitions) used for monitoring were selected on the basis of their significance in the production spectra. The analytes were quantified using multiple reactions monitoring (MRM) mode. For each analyte, two transitions were monitored, while for internal standard one transition was monitored.
The parameters such as: parent ion (Q1), daughter ions (Q3), dwell time, declustering potential (DP), entrance potential (EP), collision energy (CE), cell exit potential (CXP), and retention times (RT) were selected. Results obtained are presented in Table 1 .
Optimisation of chromatographic separation. Because of the good retention of the azo dyes at C 18 columns, such column of 50 mm length was chosen to conduct this experiment to shorten the time of analysis. Because of the size of the column, a flow rate of 0.4 mL/min was set to elute the analytes in time of 17 min. No reequilibration of the column was needed prior to the next sample injection. The chromatographs of sample fortified at 10 µg/kg of each analyte are presented in Fig. 1 .
Sample preparation. After the dye extraction from egg yolks with acetonitrile and passing through the Hybrid SPE cartridges, additional 0.5 mL and 1 mL of 0.1% formic acid in acetonitrile was passed through the columns. The extracts were collected to the glass tube for evaporation to verify if the dyes were retained on the column. Further additional 1 mL of formic acid was passed through the same cartridges to check which amount would elute eventually retained dyes. The analysis indicated that 1 mL of formic acid eluted the analytes which were retained on the column and due to that 1 mL of 0.1% formic acid in acetonitrile was used in the method. Results for selected dyes are presented in Fig. 2 .
Six different solvents were tested for the reconstitution of the dry residues. When only the egg yolk was sampled, the residues contained bigger amount of the fats. The dry residues of samples fortified at the level of 10 µg/kg of the dyes were dissolved with multiple solvents and their mixtures. The usefulness of the solvents/mixtures was measured by comparing the ion intensities. It was indicated that the intensities were much higher when hexane and acetonitrile were used to dilute the dry residues. Samples reconstituted with solvents other than hexane required additional use of ultrasound at 30°C. Although intensities obtained after dilution with DMSO were lower, ultrasound was not required to be used. Due to these facts, samples were diluted with mixture of acetonitrile saturated with hexane (in the proportion of 90:10):DMSO in the proportion of 80:20 (v/v). This mixture injected into LC-MS/MS system gave the best results compared to previously used solvents (Fig. 3) .
Method validation. The specificity of the method was verified by analysing blank egg samples and no peaks were detected in these samples at the retention time corresponding to each analyte. All of matrix matched calibration curves were linear (r ≥ 0.998) for the determined analytes. The recoveries were in the range of 97%-105%. The repeatability ranged between 1.94 and 10.02 (CV, %) while the within laboratory reproducibility was in the range of 4.66-8.89 (CV, %). The CCα and CCβ were in the range of 5.33-6.50 µg/kg and 6.18-7.50 µg/kg respectively, and fulfilled the requirements of the European Decision 2002/657/EC. The results for each analyte are presented in Table 2 .
The matrix effect was evaluated by comparison of blank and post-spiked samples. The effect (without IS correction) varied from 10% for Citrus Red to 42% for Sudan Red 7B (Fig. 4) . 
Discussion
Although DAD and UV detection systems are the most commonly used in the residue analysis of industrial dyes in eggs, high-performance liquid chromatography with triple quadrupole mass spectrometer detector provided specificity and sensitivity adequate for the determination of banned substances. Dyes are fat soluble compounds, and because fats mainly accumulate in the egg yolk (average: 10.7% of edible part), the dyes get into the egg yolks in the same way as fats. Because of that, sampling the egg yolk seems to be reasonable. Synthetic dyes are extracted from the eggs using organic solvents, among them acetonitrile is the most commonly used. Then, the extracts are cleaned using SPE columns with different filling, including molecule imprinted polymers (MIP s ) (2). When MIP s were applied as a filling for matrix solid phase dispersion (MSPD) and combined with dispersive liquid-liquid micro extraction (DLLME) they were found to be useful in the analysis of dyes residue (23) (Table 3) . In this experiment acetonitrile was used as an extraction solvent, because it is the most commonly used for this purpose. Additionally, 5 g of anhydrous sodium sulphate were added, as it reveals higher recoveries of Sudan dyes (12) . The choice of such sample preparation was found to be suitable for the analysis and results obtained in the method performance tests were compatible with those reported in the literature (Table 3) .
The other problem in LC-MS/MS analysis of biological sample -matrix effect, caused mainly by the proteins and phospholipids, was expected to be minimised by using Hybrid SPE columns (zirconium coated silica). They allow for the removal of phospholipids that are present in high content in the egg yolk, and are said to be without any specificity to recovered analytes, as reported by the manufacturer (19) . Their mechanism of action is a selective Lewis acid basis interaction between the zirconia ions bonded to the stationary phase with phosphate moiety of phospholipids. As the columns were designed for the antibiotic residues analysis, their suitability for the analysis of residues of illegal dyes had to be tested. It was concluded that the dyes are retained on the column as they are soluble in lipids, which are retained by the zirconium ions. Due to this fact, additional elution with 0.1% formic acid in acetonitrile had to be applied. The recoveries, which were between 97%-105%, are comparable with those obtained by Qiao J. et al. (16) , Yu C. et al. (24) , and Zhixiang X et al. (25) . It demonstrates the suitability of the zirconium coated silica material for the analysis of illegal dye residues, but the matrix effect was not minimised as much as it was expected. It might be related to a higher amount of sample used for the analysis than it was recommended by the manufacturer, as the filling of the column is only 30 mg.
The presented method was found to be suitable for the analysis of residues of illegal dyes in egg yolk. The method fulfilled all performance criteria of the Decision 2002/657/EC and can be used in the official survey of dye residues in food of animal origin.
